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SUMMARY 
Friction phenomena play a major role in thermoplastic composite forming processes. In 
order to make use of the large potential these materials have, accurate CAE tools are 
needed that as a consequence incorporate temperature, pressure and velocity dependent 
friction behavior. To obtain a sound understanding of friction behavior a large number of 
friction measurement set-ups have been described in literature. A benchmark to compare 
different testing methods was proposed during the Esaform2010 conference.  
In this paper the material (Twintex PP) and testing conditions for the benchmark are briefly 
revisited and first testing results employing the in-house developed friction tester are 
presented. It is observed that the results reproduce very well at different conditions. Based 
on the Hersey number the Stribeck curve for the tested material combination is derived. It 
is concluded that a full state of hydrodynamic lubrication was reached with friction 
coefficients between 0.15 and 0.5. This opens up good perspectives for numerical 
modeling since all parameters are readily available in process simulations. Future 
comparisons within the context of the benchmark will assess the quantitative level of the 
identified coefficients of friction. 
 
 
INTRODUCTION 
Continuous fibre reinforced thermoplastics have the potential to reduce cycle times and 
costs due to fast production methods such as diaphragm and rubber press forming. A large 
research effort is currently underway to create accurate CAE tools for these materials and 
processing methods. Next to the strongly anisotropic material behavior also friction plays 
an important role in these forming processes. The constraints imposed by friction between 
subsequent plies and between the laminate and the tools are a major factor in the laminate 
deformations generated during composite forming. 
Several experimental methods have been employed to investigate the friction behaviour of 
impregnated textile composites, with respect to tooling and between subsequent plies. 
Simultaneously, various modeling approaches have been proposed. The friction in these 
material systems is noted to depend on pressure, temperature and sliding rate. A proper 
side-by-side quantitative comparison of the methods used by various research groups has 
not been made so far.  
A friction benchmark exercise was proposed during the ESAFORM2010 conference. 
Glass/PP fabrics were selected for the experimental assessments by pull-out, pull-through 
and rheometer testing. Six participants have registered so far: University of Massachusetts 
Lowell, INSA Lyon, University of Glasgow, University of Nottingham, KU Leuven and 
University of Twente. The different test set-ups will be described briefly. The quantitative 
comparison between the results from the different set-ups has not been made yet, since 
the benchmark is still running. Therefore, only preliminary results from the friction tester at 
the University of Twente are presented. 
 
 
EXPERIMENTS 
The ASTM standard D 1894 – 01 describes the test method to determine the coefficients 
of the starting friction and sliding friction for plastic films and sheets. In this procedure a 
sled is pulled over a stationary plane, or alternatively a plane is pulled underneath a 
stationary sled. The normal force is thereby fixed by the dead weight of the sled – a metal 
block of 63.5 mm square and 6mm thick. The pulling speed is prescribed to be uniform at 
150 ± 30mm/min. A variation of pulling speed, normal force or temperature is not intended. 
Consequently, the data obtained by this method is only appropriate for limited use in 
engineering design. 
 
Participant Friction tester type 
University of Massachusetts Lowell Figure 2 
INSA Lyon  
University of Glasgow  
University of Nottingham Figure 5 
KU Leuven Figure 3 
University of Twente Figure 4 
Table 1: Friction benchmark participants and their corresponding friction tester type 
 
Based on the ASTM standard Murtagh et al. [6] used a heated metal sled drawn across a 
heated textile composite sheet (Figure 1 left side). In his tests the dead weight, the 
temperature and the pulling velocity are varied. He also designed a more elaborate pull-out 
test in which a metal shim was pulled from between two sheets of thermoplastic textile 
composite (Figure 1 right side).  
Gorczyca-Cole et al. [2] utilized a similar design as this second design from Murtagh, but in 
their case the laminate is pre-heated in an infrared oven. Consequently it is clamped 
between two unheated pressure plates and pulled out, where a cam provides the clamping 
force (Figure 2). 
 
 
 
Figure 1: Test equipment from Murtagh et. al. [6] 
 
Vanclooster et al. [9] are using actively heated and cooled pressure plates, which are 
pressed on each other with a pneumatic cylinder (Figure 3). 
 
 
Figure 2: Test equipment from Gorczyca-Cole et al. [2] 
 
 
Figure 3: Test equipment as described by Vanclooster et al. [9] 
 
Akkerman et al. [1, 7] developed a test set-up, in which the laminate is also pulled-out 
between two heat controlled pressure plates, which are pressed together by a flexible 
bellows. Its design attaches great importance to the alignment of the pressure plates. The 
distance between the pressure plates is measured at four corner points with LVDT’s of 
micrometer accuracy. 
 
 
Figure 4: Test equipment developed by Akkerman et al. used in this paper [1] 
 
The previously mentioned friction testers are all special developments. An alternative 
method of measuring friction has been employed by adapting a commercial rheometer. 
Groves [3] examined the inter-ply shear of UD-PEEK laminates with oscillatory rotation 
(Figure 5, left). In a similar way the friction can be measured [4,5,8]. Van de Haar 
performed friction experiments with an adapted rig design that allowed the textile 
composite samples to be held firmly in place on the lower plate during testing. Figure 5 
shows the lower plate with the fixed laminate (right). The upper plate, which fits in between 
the clamping ring, is pressed onto the laminate and is rotated. The temperature, normal 
force and angular speed are regulated. Additional many rheometers provide the possibility 
to perform the tests in nitrogen atmosphere in order to minimize polymer degradation. 
 
 
 
Figure 5: Left - The principle of employing a rheometer for friction testing by Groves [3], 
right - Lower plate with the fixed laminate [8] 
 
Due to the absence of an elaborated test standard, a variety of different test methods have 
been evolved, which may lead to different results. In order to clarify on the differences in 
results between the different testing methods the friction benchmark has been invoked with 
participants that use a variety of test methods according to Table 1. The test parameters 
are chosen on the basis of the equipment capabilities of the participants.  
 
Parameter Baseline Additional values 
Temperature   [oC] 180 200,220 
Normal Pressure    
  
 
 [kPa] 20 10,40,100 
Sliding velocity   [mm/min] 60 20,200,1000 
Table 2: Test parameters used for friction experiments with pre-consolidated laminate at 
high temperature 
 
Parameter Baseline Additional values 
Temperature   [oC] 23  
Normal Pressure    
  
 
 [kPa] 20 10,40,100 
Sliding velocity   [mm/min] 60 20,200,1000 
Table 3: Test parameters used for friction experiments with non-consolidated comingled 
weave at low temperature 
 
The used material is Twintex® PP 60 1485. Its properties are listed in Table 4. In terms of 
geometry it is unbalanced since the warp and weft counts are unequal. But since the warp 
yarns are half of the weight of the weft yarns the number of fibers in warp and weft 
direction is equal. 
Property Value 
Weight % glass 60% 
Weight % polypropylene 40% 
Areal weight 1485 g/m2 
Pre-consolidated fabric thickness 1mm 
Weave type 2x2 Twill 
Warp count 4 yarn/cm 
Weft count 2 yarn/cm 
Table 4: Properties of pre-consolidated ply material. 
 
UT friction tester 
In this paper first results of the experimental results at the University of Twente are 
discussed. A schematic design of the friction tester is shown in Figure 4. The set-up was 
developed to operate in a standard mechanical testing system. The compressive normal 
load is supplied by a self-aligning system using a flexible pneumatic actuator. Thick blocks 
support the tools in order to minimize the tool deflection, whereas their overlapping edges 
are used to pre-heat the laminate before it enters the contact area. The gap between the 
tool blocks is measured with micrometer accuracy at four corners. A number of 
thermocouples is used to measure the temperature in the blocks. Three load cells are 
employed to measure the laminate pressure. This set-up allows for tool-ply as well as ply-
ply friction experiments. 
 
 
 
Figure 6: Left - Photograph of the used set-up, right - Schematic view, defining geometry 
 
Figure 6 shows a picture of the setup. Steel blocks are used with an area of 50x50mm and 
a thickness of over 40 mm. Clean surfaces need to be used at every test; otherwise a 
gradual increase of friction is found due to deposition of the tested material. Hence a fresh 
disposable metal foil is used as a tool surface for all experiments. The set-up was designed 
to reduce the deviations in the pressure profile to less than 3% at a nominal pressure of 10 
bars. The air actuator allows free movement for all 6 degrees of freedom. Some other key 
values of the set-up are listed below: 
 
Heating  powered by 4 electrical cartridge heaters 
 heating from 20 to 400 °C in 10 minutes 
 max. laminate temperature variations during the experiment: ±0.5°C at 
200°C up to ±1.5°C at 400°C 
 ‘Pyrotek’ ceramic insulation keeps the sensors and actuators below a 
temperature of 45°C at an operating temperature of 400°C 
Pressure  range: 0.05 – 1.2 bars 
 initial accuracy before test is started:  0.005 bar 
 accuracy during test: ± 0.02 bar 
Velocity   velocity variations within 1% 
Table 5: Key features of the UT friction tester 
 
The friction coefficient   is measured straight forward from the pull force    and normal 
force   , defined in Figure 6, by   
  
   
. 
 
RESULTS OF THE UT FRICTION TESTER 
 
Figure 7 shows the measurement results for Twintex PP. The warp yarns are arranged in 
pull direction. The  velocity U changes instantaneously from standstill to a constant value. 
The evolution of the friction coefficient  , average distance between the pressure plates   , 
misalignment angle   and the force offset  , are given in Figure 7 from left to right 
respectively. Three measurements are indicated with different symbols and the average 
with by a solid line. The geometry parameters are defined in Figure 6.We notice that the 
measurements overall are nicely reproducible. The friction evolution   features a peak 
 
 
Figure 7: Measurement results for const. temperature      oC and pressure     kPa 
with variation of pull velocity  . 
 
value within the first 5mm displacement and levels to a sort steady state value at about 
20mm displacement. The steady state friction is therefore defined as the mean value 
between 20 and 30 mm. For the other variables we also observe a change in behavior at 
20mm displacement but do not level to a steady value. The increase of the pull velocity   
causes the friction  , the variation of the film thickness    and the variation of the wedge 
angle   to increase, as well. Whereas the evolution of the normal force offset   does not 
clearly change with increasing pull velocity. Figure 8 summarizes the friction coefficients for 
all test parameters given in Table 2. Besides the increase of the friction coefficient with 
increasing pull velocities we observe a decrease of the friction coefficient with increasing 
normal pressure or temperature. This strengthens the assumption of hydrodynamic 
lubrication. By taking the viscosity   of PP from a material database at the corresponding 
temperature, we can compose a Stribeck curve, which relates the friction coefficient   to 
the Hersey number    
 
  
. The Stribeck curve plotted in Figure 9 indicates that the 
friction coefficient can be written as a function from the Hersey number alone:          
Only the measurements for varying temperature deviate a little from the global trend. But 
this could be due to the uncertainty in viscosity, which is also influenced by the shear rate. 
Another indication of fully lubricated friction is that a film of PP has been build up on the 
pressure platens, as can be seen in Figure 10. 
 
 
p = 20kPa, T = 180
o
C 
 
U = 60 mm/min, T = 180
o
C 
 
U = 60 mm/min, p = 20kPa 
Figure 8: Summary of the friction coefficients. The error bars indicate the standard 
deviation of three measurements. 
 
 
Figure 9: Stribeck curve, ○: varying pressure, ◇: varying velocity and △: varying 
temperature 
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Figure 10: Polypropylene residue on the pressure platens. 
 
 
CONCLUSION & OUTLOOK 
The friction tester that was developed and presented previously by the University of 
Twente was used to identify the friction behavior of Twintex PP. Under conditions of 
varying normal pressure, temperature and sliding velocity the friction coefficient was 
measured and analyzed. The results of different measurements do reproduce very well. 
On the basis of the Hersey number and the resulting Stribeck curve it can be concluded 
that friction occurs in the fully hydrodynamic regime, with a boundary layer of PP matrix 
material. The steady state behavior can be incorporated relatively easily in numerical 
models of composite forming. Small deviations in the Stribeck curve from friction 
coefficients at different temperatures are probably due to insufficiently accurate 
temperature dependent viscosity data. Additional measurements of the viscosity of the 
neat PP will be performed. In the near future the results will be benchmarked against the 
other participants. 
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